are required for the ARE-mediated mRNA decay in DroTo determine whether the regulation of ARE-RNA stasophila cells. A requirement of Dicer in ARE-RNA degbility in S2 cells is similar to that in mammalian cells, we radation was further confirmed in HeLa cells. Sequence examined whether Drosophila homologs of mammalian analysis revealed that a miRNA, miR16, carries a se-ARE binding protein, TTP and HuR, behave similarly to quence of UAAAUAUU, which is complementary to mammalian TTP and HuR in altering ARE-RNA stability. ARE. We further provide evidence that mRNA decay, We used RNAi to suppress the expression of the Dromediated by the ARE of TNF mRNA, is dependent on sophila TTP (dTTP; gene name, dTis11) and HuR (dHuR; the presence of miR16. In the quest for the underlying gene name, Elav). Our results show that the mRNA mechanism, we found that TTP indirectly interacts with levels of the targeted genes were reduced more than miR16. The association of TTP and miR16 in cells most 90% within 48 hr of dsRNA treatment (data not shown). likely occurs through interaction between TTP and
To ensure reduction at the protein level, a second round eiF2C/Ago family members, which are components of of RNAi was performed on day 3, and RNA stability RISC. The interaction between TTP and RISC may acwas analyzed on day 4. The reduction in the mRNA count for the TTP-enhanced sequence-specific pulllevel of targeted genes on day 4 is shown in ARE sequence were not affected by the depletion of dTTP or dHuR (data not shown). These data suggest Results that Drosophila and mammals possess a similar mechanism in controlling the decay of ARE-RNA.
Double-Stranded RNAi in S2 Cells Can Be
Having shown the effectiveness of using RNAi to Used to Screen Genes that Are Required evaluate the requirement of ARE binding protein in for the Degradation of ARE-RNA ARE-mediated mRNA degradation, we next screened a To better understand the regulation of ARE-RNA degranumber of genes for their involvement in ARE-RNA dedation, we set out to identify genes that are required gradation. for ARE-RNA degradation. RNAi can specifically and effectively silence the expression of targeted genes in Dicer Is Required for ARE-RNA Decay Drosophila S2 cells (Clemens et al., 2000), providing an Having screened more than thirty different genes using opportunity to examine a large number of candidate RNAi in S2 cells, we found that Dicer1 is required for genes regarding their function in ARE-RNA degradathe rapid degradation of ARE-RNA (see Table S1 in the tion. However, it is not intuitively clear whether S2 cells Supplemental Data available with this article online). As can be used to study ARE-mediated mRNA instability.
shown in Figures 2A and 2B , RNAi in S2 cells effectively Therefore, we first evaluated the possibility of using S2 reduced Dicer 1 mRNA, and reduction of Dicer1 exprescells to screen for genes involved in ARE-mediated sion in S2 cells (dDicer1 d ) caused stabilization of β-glomRNA degradation.
bin mRNA containing TNF-α ARE. The stability of AREDestabilization of β-globin mRNA, by attaching ARE RNA was not affected when the cells were treated with to its 3#UTR, has been widely used to assess the effect the RNAi of an unrelated gene, Drosophila peptidoglyof ARE on mRNA stability (Shaw and Kamen, 1986 Figures 1A and 1B) , or by inactivation of the metallothiDrosophila Ago1 or Ago2 also leads to the stabilization onein promoter through Cu 2+ removal ( Figure 1C ). Realof ARE TNF -RNA in S2 cells ( Figures 2C and 2D ). time PCR was used to quantitate β-globin mRNA. The Next, we examined whether the miRNA system has a 3#UTR from these short-lived mRNA destabilized β-glorole in ARE-mediated mRNA decay in mammalian cells. bin mRNA in S2 cells ( Figures 1A and 1C) ( Figure 2E ). The levels of Let7 and miR16 in Dicer d , and RNA degradation, we designed siRNA to selectively de- Figure 3C ). After two rounds of siRNA treatment, miR16 levels were examined using primer extencomplements to miR16 (anti-miR16) and found that it inhibited ARE-RNA degradation while anti-miR21 had sion and Northern blots. The siRNA of pre-miR16-1 (simiR16-1) significantly reduced the miR16 level in HeLa no influence on ARE-RNA decay ( Figure 3G ). Thus, we have determined that miR16 is required for ARE TNF -cells while si-miR16-2 had no effect ( Figures 3D and  3E ), suggesting that miR16 in HeLa cells is primarily RNA decay. To determine how general miR16 functions in AREderived from pre-miR16-1. We then measured the stability of mRNA containing ARE of TNF-α. As shown in mediated RNA decay, we examined mRNA stability of β-globin mRNA containing the 3#UTR of cyclo-oxygen- Figure 3F , si-miR16-1 treatment significantly increased the stability of ARE TNF -RNA in contrast with the siese 2 (Cox2) or urokinase plasminogen activator receptor (uPAR). Inhibition of miR16 expression increased the miR16-2, which had no effect. Pre-miR16-1 is encoded by a polycistronic gene that also encodes miR15. Since stability of mRNA containing Cox2 3#UTR ( Figure 3H ) but had almost no effect on the decay of uPAR 3#UTR pre-miR16-1 and pre-miR15 are initially in the same transcript less than one hundred base pairs apart, they containing mRNA ( Figure 3I ). Analysis of ARE from different mRNAs shows significant sequence diversity should be expressed simultaneously. We selected miR15 as a control since it does not pair with ARE, and with the ARE of TNF, Cox2, and uPAR being classified into different groups of ARE sequences (Bakheet et al., found that inhibition of miR15 by siRNA has no effect on ARE diminished cells ( Figure 5D ). The destabilization effect of these small RNAs (see Figure S1A) . The interaction between TTP and Cox2 ARE, but not the ARE mutant, of TTP on ARE TNF -RNA was not detected when miR16 was inhibited with si-miR16-1 ( Figure 5D ). Thus, TTP's was detected ( Figure S1B ). The sequence of Cox2 ARE and ARE mutant are provided in the Supplemental effect on ARE-RNA stability also requires miR16.
Data. Although TTP does not directly interact with miR16 TTP Does Not Directly Bind to miR16 but Interacts in vitro, one cannot exclude the possibility that indirect with Components of RISC and Assists miR16 interaction of these two molecules occurs inside cells. in Targeting ARE
To assess this possibility, we immunoprecipitated TTP Because of the interdependency of miR16 and TTP in and extracted RNA from the immunocomplex. The the destabilization of ARE TNF -RNA, we set out to deterpresence of miR16 was determined by primer extenmine whether TTP can bind directly to miR16. 32 P-labeled sion. As shown in Figure 6B , miR16, but not miR21 or miR16 was incubated with recombinant TTP in HeLa miR23, was detected in the immunoprecipitates, sugcell S-100 extracts. Samples were UV irradiated, digesting that TTP and miR16 are in the same complex gested with RNase and analyzed on SDS-PAGE. As a within the cells. control for UV cross-linking, a 32 P-labeled ARE-RNA Since miR16 should be in a RISC/miRNP complex was used. As shown in Figure 6A labeled RNA was pulled down by avidin-beads after incubation and the miRNA associated with biotinTo determine whether eiF2C2 can complex with the ARE binding protein that stabilizes ARE-RNA, we exlabeled RNA was determined by 32 P counts. As shown in Figure 7D , miR16 was pulled down by ARE-RNA amined coimmunoprecipitation of eiF2C2 and HuR.
Myc-eiF2C2 was coexpressed with HuR in 293 cells
when TTP was present, supporting the idea that targeting ARE by miR16 is TTP dependent. The seand immunoprecipitated with anti-myc antibody. We were unable to detect HuR in the immunocomplex (Figquence-specific targeting is supported by the result that miR16g2 was not pulled down by ARE in the presure 7B). Again, HA-TTP was detected in the immunoprecipitate of eiF2C2. These data indicate that the asence of TTP ( Figure 7D ). The interaction of TTP and ARE appears to be equally important since AREmut, sociation of TTP to Ago family members is specific.
Since anti-eiF2C4 antibody is the only antibody curwhich is not able to interact with TTP, cannot pull down miR16g2 in the presence of TTP. rently available for us to detect an endogenous argonaute protein in human cell lysates, we examined whether endogenous TTP and eiF2C4 interact by coimDiscussion munoprecipitation. HeLa cell lysates were immunoprecipitated with anti-TTP antibody, preimmune serum, The ARE motif (AUUUA) is the most studied cis-acting element responsible for rapid turnover of unstable or anti-MKK3 (MAP kinase kinase 3) antibody. The immunoprecipitates were analyzed by Western blot and mRNAs in mammalian cells. In the quest for a genetic system that allows a comprehensive search for compoare shown in Figure 7C . We found that eiF2C4 is detected in the immunoprecipitate of TTP, but not in the nents involved in ARE-mediated decay of mRNA, we examined Drosophila S2 cells and found that the decay controls.
We show that the sequence in miR16, which pairs of ARE-containing RNA in S2 cells is regulated in a manner similar to that in mammalian cells (Figure 1 ). with ARE, is required for miR16 to regulate ARE TNF -RNA stability (Figure 4) . However, studies suggest that short Ago1 and Ago2 are required for ARE-mediated RNA degradation ( Figure 2D ), suggesting involvement of the Biotin-labeled adenine was added to the RNA by poly . We show here that the ARE-complementary creased or decreased, respectively, the stability of a RNA reporter containing ARE of TNF or Cox2, but not sequence in miR16 is indeed required for miR16 function in destabilizing ARE-RNA ( Figures 4E and 4F ). uPAR (Figures 3 and 4) . Furthermore, we determined that the regulation of ARE TNF -RNA decay by miR16 is However, pairing with no more than an eight-base AREsequence may not be sufficient for miR16 to target sequence specific (Figures 4E and 4F Figure S2C ). Sequence comparisons showed that Our data suggest that additional factors, such as semiR289 partially complements with ARE, but not the quence-specific RNA binding proteins, needs to be other regions of these 3#UTRs (Table S2) . Thus, miR289 considered in studying the function of miRNA. As in the is likely to be a miRNA that has a role in regulating AREcase of miR16, many miRNAs may require specific pro-RNA in S2 cells.
teins in binding to their mRNA targets. The role of many Though we have shown the association of miR16 with ARE-RNA in the presence of TTP and S-100 in vimiRNAs may need to be studied, not only in the context tro, the exact mechanism of miRNA targeting of ARE of miRNA-mRNA interaction, but also the interaction of and regulation of RNA degradation remains undetermiRNA complexes with other proteins. 
